The high resolution of the electron-nuclear double resonance (ENDOR) technique has been utilized to obtain precise values for the twelve proton hyperfine couplings and to estimate the various nitrogen hyperfine couplings in solutions of the stable free radical a, a'-diphenyl-,8-picryl hydrazyl (DPPH). The results enable us to explain for the first time the rather complex hyperfme structure in the electron paramagnetic resonance (EPR) spectra of DPPH solutions. Assignment of the various couplings was aided by comparison of the observed EPR spectrum with the computer-simulated spectra and by comparison of the available theoretical and magnetic resonance data with our ENDOR data. The results provide an accurate measure of the spin densities over the entire molecule. They also provide an experimental basis for a model proposed recently to account for the "combination" lines observed in electron-electron double-resonance (ELDOR) spectroscopy.
INTRODUCTION
The stable free radical a, a' -diphenyl-t3-picryl hydrazyl (DPPH), whose molecular structure is shown in Fig. 1 , is one of the most commonly used reagents in free-radical chemistry, and in solution it shows varying magnetic properties depending upon the solvent. 1 All these properties indicate that the unpaired electron is extensively delocalized over the entire molecular structure. 1 As summarized below, considerable effort has therefore been devoted in attempts to estimate this unpaired electron spin denSity distribution.
As just mentioned, DPPH has been the subject of many EPR studies. 2-17 The earlier studies were done on solid DPPH, the spectrum of which consists of only one line. 1 This sharp signal arises from the extreme exchange narrowing 18 which obliterates all hyperfine structure. In diluted solid solutions, however, hyperfine structure from the central N" and N8 nitrogens has been resolved. Deal and Koski, 5 USing computer simulation techniques, first found that the hyperfine interaction of the unpaired electron was different for N" and N 8 , the ratio of the coupling constants being nearly 0.82. Using 15 N substitution, Chen e tal. 7 showed that the larger nitrogen coupling is from the hydrazine (Il) nitrogen. Several other EPR studies showing solvent-dependent nitrogen hyperfine couplings have also been reported, 16,19 but these studies did not yield information on the ring delocalization of the unpaired electron. In 1960, however, Deguchi 17 reported the observation of proton hyperfine structure in the EPR spectra of carefully degassed solutions of DPPH. This clearly showed that the unpaired electron was extensively delocalized over the whole molecule, but the spectra were too complex for analysis. Similar, qualitative evidence for spin 3403 denSity delocalization was also obtained through the effects of ring substitution on the optical absorption spectra of the parent compound. 20
Nuclear magnetic resonance studies have shed further light on proton hyperfine interactions in this radical. The first quantitative measurements of proton hyperfine couplings were obtained through Knight-shift measurements in the solid phase. 21,22 Because of the rather large anisotropy of the hyperfine interaction, however, the resolution was not good enough to permit the determination of all ofthe interaction constants.
Hyde, Sneed, and Rist have used the technique of electron-electron double-resonance (ELDOR)19 to study solutions of DPPH and obtained precise values for the hyperfine coupling of the main nitrogens, N" and N 8 . The ELOOR technique, however, did not give any information about the spin denSity This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation. distribution throughout the rest of the molecule. Hyde 23 has also mentioned unsuccessful attempts to observe the ENDOR spectrum of DPPH in the liquid phase. He tentatively attributed the failure to large anisotropy in the coupling constants. We have found that a proper combination of experimental conditions enabled us to study ENDOR of DPPH in the liquid phase. In the present paper we present the results of these detailed studies of the ENDOR and EPR spectra of solutions of DPPH. These studies enable us to obtain precise values for the 12 proton hyperfine couplings for DPPH. Moreover, the results allow us to analyze fully the EPR spectrum of this radical and to evaluate the hyperfine couplings for all the relevant nuclei in the radical (see Fig. 1 ).
On the theoretical Side, only approximate calculations of spin density distribution had generally been attempted. The first detailed work was that by Gutowsky et al. 21 These authors used a valencebond approximation to calculate the unpaired electron spin density distribution over the whole molecule. The ENDOR measurements were made with a high rf power, continuous wave-type spectrometer developed here around a Varian V -4502 EPR spectrometer operating at X-band (~10 GHz) microwave frequencies. A block diagram of the ENDOR spectrometer is given in Fig. 2 . The basic design is similar to that described by Maki 26 and later by Allendoerfer,27 but has some distinctive features as described below.
The rf power (~200 W) is supplied by two broadband (ENl-type 350L) solid state amplifiers. We found the solid-state-type amplifiers to be much more convenient than vacuum-tube-type amplifiers. They have very long life and can be even shorted at the output without any damage to the unit, a very desirable feature in the case of extreme mismatch. The amplifiers can also be easily matched to the rf coils with simple ferrite-core transformers, similar to those described by Schmalbein et al. 28 The sample cavity is a modified version of the Varian-type E -735, large sample access ENDOR cavity. The rf loop consists of four silvered copper posts, squeezed at the center to obtain a larger rf magnetic field than that obtainable with the original design. It is also cooled by circulating water through its top and bottom plates making it possible to use it with powers higher than 100 W, as recommended for the original uncooled cavity.
The rf tank circuit coil is tuned by a variable capacitor through a servo loop which obtains information directly from the rf coil. This method was found to be superior to the normal method of using a pickup coil, and it results in a very stable servo mechanism over a range from 8-25 MHz. The intensity of the rf field is constant to within 20% over this range, and the average is assessed (with a pickup coil) to be -12-15 G in the rotating frame.
An important point, not normally stressed, is that at these higher rf power levels, the rf interference with the electronic components becomes very high and special precautions are necessary. 29 We found it useful to use a copper sheath around the magnet, the rf amplifier, and tank coil system and .also to enclose the klystron and the detector unit in separate copper boxes. Further reduction in rf noise was achieved by inserting rf filters at several points and by proper placement of various rf cables and other components.
To extract the ENDOR enhancement we also employ a double modulation scheme. Both the Zeeman and the rf modulation frequencies are continuously variable from 1. 5 Hz to 100 kHz. This facility has been found to be useful for obtaining optimum signal-to-noise ratio. We normally employ a high frequency (-11 kHz) rf field modulation and a low -frequency (-41 Hz) Zeeman field modulation. The rf signals are provided by a Marconi 2002 AS signal generator, which can be frequency modulated, usually to within t of the peak-to-peak linewidth of the ENDOR signals. Usually these signals are displayed on an oscilloscope, and various experimental parameters, the microwave power, the rf power, the amplitude, the phase of the Zeeman field modulation, and the exact position of the Zeeman field are finally optimized. A first-derivative presentation of the ENDOR signals is then recorded on an X-Y recorder, Hewlett-Packard (HP)-type 7005 B, in conjunction with a frequency counter (HP, type 5246L) arid a digital-analog (DA) converter, HPtype 580A. The spectra are calibrated automatically at any preset interval of 10, 100, 1000, '" kHz, with a pip marker unit which utilizes the output from the frequency counter.
The sample temperature, another critical parameter, is controlled with a modified Varian Variable temperature accessory. The temperature can be monitored with a thermocouple, and the temperature difference across the sample is assessed to be -1 0 •
Sample Preparation
Samples were prepared by first dissolving crystalline DPPH (Aldrich Chemical Co., reagent grade) in n-heptane (Fisher, reagent grade), and then dissolving this solution of n-heptane in mineral oil (Fisher, reagent grade). The samples were pumped on until most of the n-heptane had evaporated, then degassed by the freeze-thaw technique and by lowering the pressure to about O. 1 torr. The use of n-heptane was not important; it simply saved time in dissolving DPPH. Some samples were also prepared by dissolving DPPH directly in mineral oil and they also gave ENDOR enhancement. For ENDOR the radical concentration was about 1O-2 M in mineral oil and was adjusted to obtain a resolved five line EPR spectrum, Fig. 3(a) , at about 40 DC but an unresolved single line at room temperature. These conditions were found to be quite critical for obtaining good ENDOR signals: The EPR signal must be as strong as possible yet still show microwave power saturation. For the resolved EPR the concentration was about 1O-4 M in n-heptane; these solutions were outgassed for several hours to obtain the high resolution, many line EPR spectra shown in Fig. 4(a) .
RESULTS AND DISCUSSION
In this section we present the results of the ENDOR investigations, discuss the assignment of the various observed hyperfine couplings to specific groups of protons, and then show how these results help us understand the complex hyperfine structure of the EPR spectra. 
where i refers to the ith ring proton, and other symbols have their usual meanings. Here, since the proton couplings (the terms in parentheses) are much smaller than the electronic Zeeman term (first term), a second order perturbation treatment is quite adequate. The largest error introduced by this procedure is -a 3 / (g~.H)2 • This turns out to be '" 1kHz, much less than the linewidth ('" 100kHz) for the ENDOR transitions. To second order in the hyperfine energy, Eq. (1) predicts the ENDOR transitions for the ith group of equivalent protons,
The coupling constants obtained using (2) are given in Table I . The assignment of the various couplings to specific groups is based on the combined use of NMR, ENDOR, and theoretical predictions as discussed below.
Since neither ENDOR nor NMR on paramagnetic molecules normally yield direct information on the number of nuclei participating in a given transition, we shall use theoretical arguments. For testing theoretical predictions, one needs accurate measurements of the magnitudes as well as the knowledge of the absolute signs of the hyperfine couplings. For the present case, ENOOR measurements yield very precise values whereas the earlier NMR studies yield accurate sign information. The NMR studies show that the sign of the largest proton coupling is negative and that of the smallest one is positive. Results of the earlier-mentioned theoretical calculations l6021 ,25 predict that the phenyi-ring ortlw protons (atoms 1, 5, 6, 10, Fig. 1) should show the largest hyperfine couplings with negative signs. Furthermore, they indicate that the smallest, positive coupling should be assigned to the meta protons (atoms 2, 4, 7, 9) and that the para protons (3, 8) should show hyperfine couplings with intermediate magnitudes and negative signs. For the picryl ring protons (11, 12) the sign of the hyperfine couplings are predicted to be positive while their magnitudes should be larger then those forthe meta protons on the phenyl rings. Thus, in Table   I the two largest couplings can be assigned to the four ortho protons and the two para protons on the phenyl rings, the larger among these two being assigned to the ortho protons (1 and 6) to agree with the theoretical prediction of Gubanov et al. 16 , 25 Similar ly, the smaller of these two couplings (i. e. , the coupling of -1. 895 G) is assigned to the para protons Further support to these assignments is obtained through other arguments based on molecular geometry and the intensities of the observed ENOOR signals. For a molecule as large as DPPH, the "inner" hydrogens (e. g., atoms 4, 5, 9, and 10) are expected to experience more steric hindrance than the outer members (atoms 1, 2, 6, and 7), resulting in slightly larger spin densities on atoms 1, 2, 3, 6, and 7 as compared to that on atoms 4, 5, 8, 9, and 10, respectively. The assignment of the same coupling to the ortho protons (5, 10) and the para protons (3, 8) is supported by the observed ratio of 1 : 2 for the two ENDOR lines showing the largest coupling. Since the largest frequency ENDOR signal has been assigned to the two outer, ortho protons (1, 6) on the phenyl rings, the other closely spaced ENDOR signal (having twice as much intensity) must arise from 4 protons. Two of these protons must be the other ortho protons (5, 10), and the other two should be the para protons (3, 8) on the phenyl rings. Additional support to the assignment was obtained by fitting the intensities of all the ENDOR lines to the number of contributing protons by using the relationship proposed by Allendoerfer and MaId. 30 Their correction formula for small couplings is
where A.w, is the hyperfine coupling constant (Hz); T z is the transverse relaxation time; Imax is the intensity for large couplings, based on number of protons only; and lObS is the corrected intensity for any proton. With a value of T2 -2. 2 X 10-7 sec, estimated from EPR linewidths, the observed intensities match well with the number of protons as mentioned above.
It is also noted here that the intensity ratio of 1 : 2 of the two highest frequency ENDOR lines can be explained by aSSigning them, respectively, to the two para protons (3, 8) and the four ortho protons (1, 5, 6, 10). This would, of course, imply that the inner and the "outer" ortho protons are all equivalent and that for the phenyl rings the spin densities at the para positions are larger than those at the ortho positions. Theoretical calculations of Gubanov et al. , 16, 25 included in Table I, indicate that for the phenyl rings the spin densities at the ortho poSition should be larger than those at the para positions, and that all the four ortho protons should not show the same hyperfine coupling. The calculations actually indicate that the four ortho protons should form into pairs of two equivalent protons. Both these observations therefore support the assignment given in Table I. It might also be argued that the results of theoretical calculations may not be precise enough to bring out the rather small difference between the spin denSities at the ortho and the para pOSitions and that all the ortho protons might be equivalent even within the ENDOR resolution -20 kHz. However, the ENDOR results show that the four meta protons (2, 7, 4, 9) on the phenyl rings are clearly not equivalent, forming again two pairs as predicted by theory. We thus feel that in the absence of ENDOR results on specifically deuterated samples the assignment given in Table I is the most reasonable.
A question arises regarding the observed slight inequivalence of the couplings from the meta protons on the picryl ring. This implies that the picryl ring does not possess a two-fold axis of symmetry. The inequivalence could arise if the picryl ring is not stationary but undergoes motion resulting in the loss of the twofold axis for the molecule. If this motion is slow enough to be frozen on the ENDOR (NMR) time scale (~1O-7 sec) the two protons would appear to be nonequivalent. The splitting of the signal appears to be temperature dependent, but the signal-to-noise ratio did not permit a detailed study of the temperature dependence of the ENDOR signals. Further efforts to study the temperature dependence will be attempted.
The hyperfine couplings given in Table I were used to compute the spin densities at the various atoms. For these the McConnell relationship31 ag H = Q~H p~ was used, where a~H is the hyperfine coupling for the proton of the CH fragment, p~ is the IT-electron spin denSity at the carbon atom, and QgH is a constant with an average value of -26. 8 G for protons. The relationship is expected to hold for the phenyl protons, but the nitro groups could modify this simple relationship on the picryl ring. The values for QN are in doubt, but application of this rule indicates there is appreciable spin density left over for the nitro groups. Spin densities from Hartree-Fock calculations 16 • 25 are included for comparison, but it is felt that the calculated nitro group spin denSity needs considerable improvement. This observation was important for the analysis of the EPR spectra, discussed next.
Hyperfine Structure in EPR of Solutions of DPPH Since no measurable ENDOR enhancement was observed from the nitrogen nuclei, detailed investigation of the hyperfine structure in the EPR spectra was thought to be worthwhile. This was also desirable for checking the assignment for the hyperfine couplings measured by ENDOR. Moreover, although the best resolved spectrum was published 17 in 1960, no analysis of the EPR spectrum has yet been published. Figure 3(a) shows the simplest EPR spectrum of solutions of DPPH obtained by using mineral oil as solvent. The spectrum consists of only a five line pattern and resembles that obtained from frozen solutions or that from using undegassed solvents, even though in our case the samples were degassed as mentioned earlier. The spectrum can be analyzed in terms of the hyperfine interaction of the unpaired electron with the two central nitrogens Na and N a • The coupling constants obtained are consistent with those of Table 1 . The line shapes can be explained in terms of the freezing of the motion on the EPR scale because of the high viscosity of the solvent us.ed.
As observed earlier, a complex hyperfine pattern was observed when carefully degassed and low viscosity solvents were used. A typical spectrum taken at room temperature with n-heptane as solvent is shown in Fig. 4(a) . The spectrum consists of a large number of nearly equidistant lines with a spacing of about 0.35 G superimposed on a basic five line pattern. The five line structure could again be assigned to the hyperfine structure from the two central nitrogens. The large number of the equally spaced lines must be assigned now to the proton and the nitroxyl nitrogen hyperfine interaction. Since no easily recognizable intensity pattern was observed, it was obvious that computer simulation of the EPR spectrum would be necessary for accurate analysis. To obtain accurate computersimulated EPR spectra, however, it was necessary to guess the hyperfine couplings of the nitroxyl nitrogens. These couplings were estimated by analogy with nitroxyl nitrogen couplings for similar systerns and with the help of the available theoretical calculations.
Comparison of our ENDOR results with those obtained through EPR studies on the p-nitro triphenyl methyl radica1 32 shows that the splitting for the nitrogen at the para position (15) or the picryl rings is ~ O. 7 G, fairly close to that for the meta protons (2, 4) on the phenyl rings. Analogous information on a trinitro aromatic radical is available only for the symmetrical trinitrobenzene anion.
33 Although trinitrobenzene cannot be compared directly with the picryl ring, the EPR results do suggest that the couplings for the ortho nitro gens are ~ 1-2 G. This conclusion is further supported by computer simulation studies of the EPR spectrum.
Computer simulation was done on an IBM 360/67 system with plotter with the program ESRPLOT used in this laboratory. This program requires intensities and splittings for each equivalent group of nuclei. A stick diagram is generated from this and a Lorentzian curve with proper linewidth is fitted around each of the stick diagram line positions.
In DPPHwe expect a large number of lines (3 x 3 x 3 x3x3x3x3x2x2x5X3= 131220.) The simulation cost would be prohibitive unless special techniques were used. Initial runs made with no nitro group splittings do not resemble the spectra obtained experimentally except at large linewidths. All of the simulations done on a single hydrazyl nitrogen envelope using the ENDOR constants fit well with almost any parameter variation. With such a large number of lines (26244) in each of these envelopes, it was necessary to simulate the entire spectrum each time, as lines could overlap as far as 10 G away from an envelope center.
We saved simulation time by noting that, within a linewidth, there are not six but three nonequiva- Various other values of nitro group couplings were tried, based on chemical and molecular structural arguments. The best improvement was obtained by assigning 0.7 G for the two or tho nitro groups and 1. 0 G for the para nitro groups. At this point, the changes in the spectra were noticeable but very small. An EPR spectrum simulated USing these constants is shown in Fig. 4(b) . The agreement is conSidered to be good in view of the uncertainty in the nitro group couplings and the solvent and temperature effect on the line shape.
Within the linewidths, the following accidental overlaps of couplings were noticed on this last simulation:
where.6. is the observed spacing (-0.35 G) between successive lines. The first two equations show the accidental overlaps, while the last four equations represent the distances between the hydrazyl nitrogen envelope centers.
It can now be understood why, although there are 131220 lines expected in the EPR spectrum, only about 130 are actually observed [ Fig. 4(a) ]. It is because magnitudes of most of the couplings are either very nearly equal or multiples of each other. At this stage, it is emphasized that the resolution of the EPR spectrum, Fig. 4(a) , is not limited by either the magnetic field modulation or frequency or concentration or deoxygenation. It is here concluded that any smaller, unresolved structure, is substantially smaller than 0.08 G, the limit set by the 100 kHz modulation f:r:equency used in recording the spectrum of Fig. 4(a) .
CONCLUSIONS
The present work demonstrates that for the DPPH molecule the unpaired electron is delocalized over the entire molecule. The ENDOR measurements yield very precise values for the hyperfine couplings for all of the 12 protons in the molecule. Also, in conjunction with detailed EPR studies, the ENDOR measurements allow a fairly reliable estimate of the hyperfine couplings for nitrogen atoms of the nitro groups. Comparison of these data (Table I) with the available theoretical 16 ,21,23,24 results shows that more accurate calculations are needed. The ENDOR results can serve as an accurate basis for such calculations.
The ENDOR results also indicate that the ortho and the meta protons of the phenyl rings are not equivalent, as might have been expected on the basis of the molecular structure alone. These results also indicate that even the two meta protons of the picryl ring are not equivalent. This implies that the picryl ring is either twisted permanently or it undergoes dynamical changes which are slow on the NMR time scale such that the entire molecule no longer possesses a mirror plane or a twofold axis along the symmetry axis of the picryl ring. A study of the temperature dependence of the ENDOR splittings could help resolve this point, and further ENDOR work should therefore be carried out.
The ENDOR results also explain the rather complex hyperfine structure observed in the EPR spectra of DPPH solutions. The key point is that most of the proton and nitrogen couplings are either equal or multiples of each other and of the constant differences (-0.35) G between successive EPR lines.
The present studies can also be taken to provide an experimental basis of the model used by Hyde et al. 19 to explain some features of the ELDOR spectra. To explain the presence of extra lines called "combination lines", they assumed that the difference in the coupling constants between the two central nitrogens was equal to some proton coupling aH' i. e., that aND -aN = aH' The data of Table I u a i and Eqs. (3) show that this requirement is indeed fulfilled by the protons on the ortho and para positions of the phenyl rings.
